New biodegradable and biocompatible composites are continuously developed for biomedical applications (e.g., from drug delivery devices to tissue engineering scaffolds). Properties of such systems may depend on their morphology and structure, which are attained after their processing, and therefore, the study of the crystallization kinetics has a particular relevance. The crystallization kinetics of hydroxyapatite-filled poly(butylene terephthalate-co-alkylene dicarboxylate)s has been studied under non-isothermal conditions, using a wide range of cooling rates and different kinetic models. Based on our results, nanohydroxyapatite (nHAp) particles were found to effectively act as additional nucleation sites for poly(butylene terephthalate-co-succinate) (PBST), giving rise to an increased crystallization rate with respect to pure PBST. However, the overall growth rate of HAp nanocomposites decreased compared to the corresponding homopolymers with longer aliphatic dicarboxylic acids (i.e., adipic and sebacic acid derivatives). In order to clarify this point, the activation energy for non-isothermal crystallization was evaluated using the Friedman method and significant differences were observed, suggesting a disturbing effect of nanoparticles on the motion of molecular chains that hindered their capability to reach the growing crystallization front. Isoconversional methods provided a good understanding of the kinetics of the crystallization process and significant information regarding the activation energy, relative crystallinity, and global and local Avrami exponents.
Introduction
In recent years, biodegradable and biocompatible polymer composites reinforced with bioactive ceramics have attracted a great deal of interest, due to their high potential for various applications such as drug delivery devices, nerve regeneration guides, orthopedic implants for tissue reconstruction, bone fixation and tissue engineering scaffolds [1] [2] [3] [4] [5] [6] . For instance, composites of bioactive ceramics (e.g., calcium phosphate, hydroxyapatite (HAp) and bioglass) and polymers have been extensively used as potential materials for bone-tissue replacement [7] [8] [9] . Specifically, hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 ) is mainly employed in orthopedic and dental reconstruction, because of its excellent biocompatibility and osteointegration properties [10] . Bioactive nanohydroxyapatite (nHAp) can be used as a filler for the development of nanocomposites based on biodegradable polymer matrices. These biodegradable nanocomposites have great potential for applications such as orthopedic implants, intersomatic cages for spinal arthrodesis and osteosynthetic plates in fracture healing [11] .
The most widely used biodegradable polymer matrices include polylactide, polyhydroxyalkanoates, polyanhydrides, polyorthoesters and their copolymers. Their preparation, bioactivity, biodegradability, mechanical properties, modification and utilization of their composites with nHAp have been the focus of many studies. It has been indicated for example that the incorporation of HAp or tricalcium phosphate bioceramics into biodegradable polyhydroxyalkanoates reduces their crystallinity, increases the degradation rate of the biopolymer and facilitates the reconstruction of new tissues [12] . Aggregation of nanoparticles at high filler contents can cause local stress concentration, internal cracks and weak mechanical properties [13] , and therefore, the amounts of incorporated nanoparticles have been limited to values around 2-5 mass% [14] . Different solutions have been proposed to reduce such aggregation. For example, the use of amphiphilic molecules has been reported to favor the dispersion of highly problematic carbon nanotubes [15] . However, improvement in mechanical properties has not been always achieved and even a plasticization effect of the added molecules on the polymeric matrix has been observed.
Despite the numerous studies concerning biodegradable nanocomposites, there is still a non-completely resolved crucial point relative to their crystallization kinetics, since a complex influence of nanoparticles has been reported. Understanding the mechanism and kinetics of the crystallization of these materials is vital for determining their ultimate applicability and for the design of new polymer composite structures with desirable properties for biomedical applications. The knowledge of the parameters affecting crystallization is crucial for optimization of the processing conditions and properties of the end product [16] , especially for fast crystallizing biodegradable polymers [17, 18] and polyesters in particular.
Preparation of new copolyalkylene dicarboxylates offers a key opportunity for increasing the range of degradable materials and even generating a set of products with easily tunable properties. Thus, different types of poly(butylene succinate) (PBS) copolymers incorporating terephthalic acid units have been recently developed to achieve a good compromise between the degradability caused by the presence of aliphatic ester segments and the mechanical properties provided by the aromatic ester moieties. Furthermore, the use of copolymers has clear advantages among which, the following benefits can be highlighted: enhancement of biodegradability due to the increase in the amorphous content, cost reduction, increase in the commercial offer and even the capability of modifying final properties. Incorporation of comonomers has also a great influence on the melting behavior, sample crystallinity, lamellar surface morphology, and consequently the enzymatic degradability [19] [20] [21] [22] .
Several studies have been recently focused on the crystallization process of random aliphatic-aromatic copolyesters [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . In general, isothermal analyses have been performed since they provide accurate data considering the well-defined crystallization conditions. However, since crystallization during processing is always nonisothermal, a scientific and technological challenge is introduced to the kinetic study in such a continuously changing environment [33] [34] [35] that can be modeled as a sequence of infinitesimally small isothermal steps.
The main focus of the present work was to study the effect of HAp nanoparticles on the non-isothermal crystallization kinetics of biodegradable copolyesters derived from 1,4-butanediol, terephthalic acid and aliphatic dicarboxylate acids differing in the length of their polymethylene segment (i.e., succinic, adipic and sebacic acids for 2, 4 and 8 methylene groups, respectively). To this end, the molar ratio between aromatic and aliphatic dicarboxylates (i.e., 65 mol-%) as well as the nHAp content (i.e., 2 mass%) were kept constant. In the rest of this paper, the unloaded and HAp loaded samples will be referred to as PBXT and PBXT-nHAp, respectively, where X indicates the alkylene dicarboxylate unit (i.e., S, Ad and Se for succinate, adipate and sebacate, respectively).
Experimental

Materials
The polyesters studied in this work were synthesized from terephthalic acid (TA) (Shahid Tondgooyan Petrochemical Complex, Mahshahr, Iran), and succinic acid (SA), adipic acid (AdA), sebacic acid (SeA) and 1,4-butanediol (BDO) that were supplied by Daejung Chemical & Metal Co., Ltd, Korea. Titanium tetrabutoxide (TBT) as the polycondensation catalyst was purchased from Merck Co., Darmstadt, Germany. All other materials and solvents were of analytical grade. Nanohydroxiapatite (nHAp) (with a diameter of 20 nm) was purchased from Beijing DK nano technology Co., Ltd, China.
Synthesis of copolyesters and preparation of nanocomposites
The aliphatic copolyesters were prepared by a two-stage melt polycondensation process in a stainless steel batch reactor [36] . In brief, a mixture of 65 mol% TA and the appropriate aliphatic dicarboxylic acid (i.e., SA, AdA or SeA) were introduced to the reactor, together with an excess of 1,4-butanediol (i.e., the acid:diol molar ratio was 1.17:1). The temperature was then set to 180°C, 190°C and 200-215°C for SA, AdA and SeA derivatives, respectively, under a nitrogen atmosphere. The reaction conversion was followed by weighting the evolved and condensed water at regular (15 min) time intervals. The reaction was stopped when no more water was recovered (approximately after 180 min).
In the second polycondensation step, TBT catalyst was added (1.4 mmol for 1 mol of dicarboxylic acid). The reaction mixture was initially kept for 10 min at 200°C under a nitrogen atmosphere and then vacuum (20 mbar) was slowly applied over a time period of about 20 min to minimize oligomer sublimation, which is a potential problem during melt polycondensation. The temperature was finally increased to 250-255°C for an additional time period of 2.5 h.
Copolymers were purified through precipitation with 1,1,1,3,3,3-hexafluoroisopropanol (HFIP) solution, being subsequently washed with water, methanol and ether, several times. Nanocomposites were prepared through solvent casting of previously sonicated copolymer solutions in HFIP containing 2.5 mass% of dispersed nHAp.
Gel permeation chromatography (GPC)
Molecular mass were estimated via gel permeation chromatography (GPC) using a liquid chromatograph (Shimadzu, model LC-8A, Tokyo, Japan) equipped with an Empower computer program (Waters, Milford, MA USA). A PL HFIP gel column (Polymer Lab, Böblingen, Germany) and a refractive index detector (Shimadzu RID-10A, Tokyo, Japan) were employed. The polymer was dissolved and eluted in HFIP containing CF3COONa (0.05 M) at a flow rate of 1 mL min -1 (injected volume 100lL, sample concentration 2.0 mg mL -1 ). The number and mass average molecular mass were calculated using poly methyl methacrylate standards.
Nuclear magnetic resonance (NMR)
1 H NMR spectra were obtained via a Bruker AMX-500 spectrometer operating at a frequency of 500 MHz for protons while deuterated chloroform was used as the solvent.
Differential scanning calorimetry (DSC)
DSC analysis was performed using a Mettler Toledo DSC1 device, equipped with a refrigerated cooling system (RCS). The instrument was calibrated with indium and zinc standards. For each test, about 9-10 mg of the sample was placed in a sealed aluminum pan and heated at 20°C/min. To remove the thermal history, the sample was held in the melt state for 3 min and subsequently non-isothermally crystallized by cooling to room temperature at a rate of 10°C/min. A second heating run (i.e., 5, 10, 15 and 20°C min -1 ) was finally performed to characterize the melting behavior of such crystallized samples.
Thermogravimetric analysis (TG)
Thermal degradation was studied at a heating rate of 10°C min -1 with around 5 mg samples in a Q50 thermogravimetric analyzer (TG) of TA Instruments, under a flow of dry nitrogen. Test temperatures were in the range of 50 to 600°C.
Results and discussion
Synthesis and comonomer composition
Copolymers with practically the same molecular mass were prepared to evaluate the effect of molecular structure on the crystallization kinetics of the derived HAp nanocomposites. Thus, the influence of molecular mass on crystallization rates could be ignored. The number average molecular mass of purified copolyesters varied between 9200 and 9700 g mol -1 , and the polydispersity index remained in the typical range of polycondensation samples (i.e., between 2.4 and 2.5) (as shown in Table 1 ). Obviously, these values remained unchanged when nHAp was incorporated through solvent casting.
1 H-NMR analysis indicated that the three copolymers had similar aromatic contents and random comonomer distributions. Figure 1a shows the NMR spectrum of PBSeT as a representative sample.
Signal areas at 8.14-8.17 ppm (terephthalate units, T) (proton a) and 2.42-2.79 ppm (aliphatic dicarboxylate units, A) (proton d) were used to determine the corresponding mole fractions (f T and f a ). Specifically, in all cases f a values were close to 0.35 in full agreement with the feed ratio of aromatic and aliphatic dicarboxylate monomers. The proton resonances of methylenes adjacent to the dicarboxylic acid units (i.e., signals b and c at 4.0-4.5 ppm and 1.80-2.35 ppm, respectively) were split into multiplets, due to the four adjacent possible sequences for the butylene units: the homo units (TBT and ABA) and the Nucleating and retarding effects of nanohydroxyapatite on the crystallization of poly (butylene… 423 hetero ones (ABT and TBA). Integration of these signals allowed calculating the degree of randomness, r, as reported in previous papers [37] . Values (as shown in Table 1 ) were always close to 1, which is a characteristic of random copolymers.
Thermal stability of nanocomposites
Thermogravimetric analysis results confirmed the successful incorporation of nHAp, as the nanocomposite char yield determined at 550-600°C increased by around 2% with respect to the value determined for the neat copolymer ( Fig. 1b for the sebacic acid derivative). Such value is consistent with the loaded amount of nHAp. TG curves showed also a destabilizing effect of HAp nanoparticles, since they have a small fraction of hydroxyl groups that can promote the thermal degradation of polyesters. It is notable that the onset of degradation of the representative sebacic acid derivative decreased from 310°C to 250°C and even that degradation occurred according to a complex process where different steps could be envisaged. In any case, nanocomposites were sufficiently stable to be processed from the melt state with no evidence of degradation (i.e., the onset of degradation was more than 95°C higher than the melting temperature).
Melting of PBXT and PBXT-nHAP samples
Random copolymers constituted by two crystallizable repeat units can display different melting and crystallization behaviors depending on the miscibility of the comonomers and the ability to share crystal lattices [38] . Comonomer units can be totally excluded from the crystalline regions into the amorphous phase or alternatively, a cocrystallization can be observed (Table 2) . In order to investigate the melting behavior of the synthesized copolyesters, DSC heating scans were performed on melt crystallized samples as shown in Fig. 2 . In all cases, only the peaks associated with the PBT aromatic crystalline phase were detected. This feature could be well justified considering the highly predominant terephthalate content and also the fact that the aromatic phase should crystallize first in the crystallization process from the melt 0 100
Temperature/°C ppm/δ Mass/% 200 300 400 500 600 2 4 6 8 state. The differences between the melting temperatures of the corresponding aromatic and aliphatic homopolymers were highly significant (i.e., 223°C, 115°C, 58°C and 63°C for PBT, PBS, PBAd and PBSe, respectively [39] [40] [41] [42] ). In all cases, melting temperatures of the synthesized copolymers were in the range of 145-166°C, being significantly lower than the value previously reported for the PBT homopolymer (223°C) [39] . Therefore, a similar amount of aliphatic dicarboxylate units should be incorporated in the aromatic phase of the studied copolymers. Two endothermic peaks that appeared overlapped could be clearly detected for the succinic and adipic derivatives and were even envisaged for the sebacic derivative (see arrows in blue in Fig. 2 ). This feature could be interpreted as a typical lamellar reorganization process where the thin lamellae melts and recrystallizes, giving rise to thicker crystals with a higher melting point. In any case, differences between melting temperatures and enthalpies were minimal, considering the presence of different dicarboxylic acids and even HAp nanocrystals. The PBSeT-nHAp sample exhibited the greatest variation (with a 6°C decrease) compared to the neat PBSeT sample. In addition, the sebacate derivative showed the highest change in the melting enthalpy, which was decreased by almost 5 J g -1 after nanoparticle addition.
After crystallization of the aromatic crystalline phase during cooling, the aliphatic phase could develop once its crystallization temperature was reached. It was reasonable that this second crystallization process became hindered by the previously formed crystals and consequently the corresponding low temperature melting peaks were not detected.
The amorphous phase segregation of the aliphatic component should be more significant for the crystallization of PBAdT and PBSeT copolymers due to their extremely low melting temperatures (i.e., 58-63°C with respect to the 115°C characteristic value of PBS). The exclusion of adipate and sebacate should render the formation of amorphous pockets at the crystal growth front, and hence affect the crystallization behavior.
Non-isothermal crystallization behavior
In Fig. 3 , the non-isothermal melt-crystallization exotherms of PBXT copolymers and their corresponding composites containing nHAp have been shown for four different crystallization rates (U). Based on these curves, the peak temperature (T c ) at which the sample exhibited the fastest crystallization, and the onset temperature (T 0 ) [43] could be easily obtained. Both T c and T 0 increased as expected, when U decreased (Table 2) . Logically, when samples were cooled at a low rate, they had enough time to form the necessary nuclei and crystallize. However, when a higher U value was used, the motion of copolyester chains could not follow the cooling process and therefore, a higher undercooling was required to initiate the crystallization.
For a given U value, all T c values for PBST-nHAp were consistently higher than those determined for the pure PBST, suggesting that the addition of nHAp promotes the crystallization of the copolyester. On the contrary, the incorporation of nHAp in adipate and sebacate derivatives caused a decrease in both T c and T 0 with respect to the values found for the neat homopolymers. This effect was much more pronounced for the sebacic acid derivative.
The changes in the crystallization temperatures could be related to the combination of two opposite factors. On one hand, nHAp particles serve as additional nucleating agents [44] and consequently, their introduction promotes the crystallization as observed for PBST. On the other hand, the addition of a filler may restrict the motion of molecular chains and even affect the secondary nucleation constant. The crystallization process is in this case hindered, as was observed for PBAdT and PBSeT nanocomposites. The increase in the aliphatic segment length should enhance the chain flexibility and decrease its polar character. The experimental evidence was that nHAp particles seemed to display a retarding effect for aliphatic/aromatic copolyesters with more apolar aliphatic comonomers, in other words it became more difficult to incorporate molecular segments to the crystal surfaces of the predominant PBT phase. This point may be evidenced by the significant observed increase in the secondary nucleation constant, as will be subsequently demonstrated for the sebacate derivative. Retarding effects caused by the incorporation of different nanofillers have been reported in the literature, being explained by the reduced chain diffusion of the polymer due to new interactions between polymer chains and the filler surfaces [45, 46] . Logically, this effect not only should be enhanced by increasing the filler content but also should depend on the polymer physicochemical characteristics as can be deduced from the results obtained from a series of polymers such as those investigated in the present work.
Non-isothermal crystallization kinetics
The relative crystallinity, a t , as a function of crystallization temperature can be calculated from the DSC cooling runs, as the following:
where T 0 and T ! denote the onset and end of crystallization temperatures, respectively, and dHc/dT is the heat flow rate. The crystallization temperature, T, can be converted to crystallization time, t, using the cooling rate, /, and the following equation:
The relationship between a t and t for PBST, PBAdT and PBSeT and the corresponding nanocomposites can be obtained via combining Eqs. (1) and (2) . Figure 4 compares the conversion curves for all studied copolymers. Logically, when a higher cooling rate was employed a shorter time was required for crystallization completion. The half-time of crystallization (t 1/2 ) could be easily obtained from Fig. 4 at a t = 0.5 and became a single parameter for comparing the overall rate of crystallization. The values summarized in Table 3 obviously indicate that t 1/2 decreases with the cooling rate increase, but no clear trend could be found for the effect of nHAp incorporation.
The crystallization rate parameter (CRP) [44] is useful to compare the relative crystallization rates of different 60 80
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Non-isothermal crystallization analyses
Isokinetic and isoconversional analytical methods have been previously applied to describe the non-isothermal crystallization kinetics of the selected polymers and their composites [47] [48] [49] . The former method is based on the isokinetic hypothesis, in which the kinetic parameters are constant during the whole crystallization process. Specifically, the modified Avrami, Jeziorny, Mo and Nakanura analyses can be considered. The isoconversional methods assume that the crystallization rate at a constant extent of conversion is only a function of temperature. Therefore, the kinetic parameters derived from isoconversional methods depend on the degree of conversion at different temperatures and times [47, 48] .
Modified Avrami and Jeziorny analyses
The Avrami model describes a time dependent relative crystallinity function, a t , for a non-isothermal crystallization process that can be written as the following [50, 51] :
where Z t denotes the growth rate constant; n is the global Avrami exponent which depends on the nucleation mechanism and shape of the grown crystallites, t is the time duration of crystallization process and a t is the relative crystallinity.
A normalized rate constant, k = Z t 1/n , is also usually evaluated for comparison purposes since its dimension (time -1 ) is independent of the Avrami exponent. Avrami exponent for isothermal experiments has a physical sense, as it is uniquely related to the nucleation rate and the crystallite growth morphology. The interpretation of non-isothermal crystallization is not very clear, because it reflects the occurrence of processes that could be different (e.g., depending on the primary nucleation and crystallization regimens) or even be greatly influenced by the secondary crystallization [48] .
In order to avoid the dependency of Z t on the cooling rate, a new constant Z c has been proposed by Jeziorny [52] .
where U is the cooling rate and Z c is a modified crystallization rate constant. Table 3 summarizes the values of n, Z t , Z c and k for all copolyesters and their nanocomposites. It could be observed that almost all n values were in the range of 4.3-3.1 and increased with increasing U. The change in n could indicate the differences in crystal growth geometry and the type of nucleation, since it is well established for isothermal crystallizations that an n value of 3 indicates the spherulitic growth from instantaneous nuclei, whereas a value of 4 represents the spherulitic growth from sporadic nuclei [53] . In this way, nucleation seems to become time dependent as crystallization becomes faster or alternatively the contribution of a constrained crystallization should become more significant at lower rates. Results summarized in Table 3 also indicate that n values for different neat copolyesters and their related nanocomposites were similar for a given cooling rate. It is notable that morphological changes should not be expected due to the small variation in the crystallization temperature and consequently, the alterations in the Avrami exponent should be related to the type of nucleation [54] . In this way, the presence of HAp nanoparticles did not change the type (i.e., instantaneous or sporadic) of nucleation of the neat copolyesters, although they obviously increased the primary nucleation. Parameters Z t , Z c and k strongly depended on U and logically increased when increasing the rate. The evolution of k values was also similar to those observed for the experimental t 1/2 -1 values. This agreement between direct experimental values (i.e., t 1/2 -1 ) and theoretical ones (i.e., k) could be considered as an indication of a well performed Avrami analysis.
Mo analysis
Non-isothermal crystallization has also been studied by applying the well-known Ozawa equation that directly considers the effect of cooling rate and correlates the cooling rate with temperature, time, and morphology [55] :
where K(T) and m represent a function of the process temperature and the Ozawa exponent, respectively. K(T) is referred to as the crystallization rate and indicates how fast the crystallization occurs. m has a physical meaning similar to the Avrami exponent and therefore depends on the crystal dimension. However, Ozawa analysis is limited because of deviations from the theoretical model due to the fact that crystallinities at a given temperature can correspond to the primary or secondary processes depending on the cooling rate.
Mo and coworkers [55] have successfully combined Ozawa and Avrami equations and obtained a new equation to describe the non-isothermal crystallization kinetics of several polymers [56, 57] :
where the parameter F(T) = (K(T)/Z t ) 1/m refers to the value of the cooling rate, which has to be chosen at a unit crystallization time when the system under study reaches a certain degree of crystallinity; a = (n/m) is the ratio between the Avrami (n) and Ozawa (m) exponents. According to Eq. 6, at a given degree of crystallinity, the plot of ln U versus ln t will be a straight line, and the value of (T) and a can be obtained by the intercept and the slope of the line, respectively.
Mo parameters for the studied copolyesters and nanocomposites have been summarized in Table 4 . For all samples, straight lines were obtained (data not shown), indicating that the non-isothermal crystallization was well described by the Mo model.
As shown in Table 4 , the F(T) values increased with the relative degree of crystallinity, while a showed only a slight variation. F(T) is considered as a parameter that indicates the polymer crystallization rate. Lower F(T) values are associated to higher crystallization rates under nonisothermal crystallization conditions [16, 43] . Based on the results, F(T) increased with increasing a t , which suggests that a higher cooling rate is needed to obtain a higher a t value in unit crystallization time. Moreover, F(T) values for PBST-nHAp were lower than those determined for the neat PBST, being indicative of the faster crystallization Nucleating and retarding effects of nanohydroxyapatite on the crystallization of poly(butylene… 429
kinetics. This observation was in full agreement with the previous observations that implied the nucleation effect of nHAp in such system. On the contrary, F(T) values for PBAdT-nHAp and especially for PBSeT-nHAp were higher than those deduced for the corresponding neat copolyesters as expected for the retarding effect of nHAp. a values were almost constant for a given sample, but slightly decreased (from 1.33 to 0.80) or increased (from 0.95 to 1.79) for the neat copolyesters or the nanocomposites, respectively, when the length of the aliphatic dicarboxylate increased. In this regard, a values of nanocomposites were lower and higher than those of the corresponding neat copolyester for the succinate and sebacate derivatives, respectively.
Nakamura analysis
The Nakamura nonlinear regression was also applied to gain insight into the non-isothermal crystallization behavior [58] .
The quiescent non-isothermal crystallization rate constant, k (T), could be determined by fitting the differential form of the Nakamura's model [58, 59] to the experimental da/dt values that could be obtained from a plot of the degree of crystallinity, a, versus T and the value of the Avrami exponent, n:
On the other hand k (T) could be described by the Hoffman-Lauritzen equation [60] :
where (1/t 1/2 ) 0 is a pre-exponential factor that includes all temperature independent terms; U is the activation energy for the transport of crystallizing units across the phase boundary; K g is the secondary nucleation constant; T ! is the temperature below which molecular transport ceases; R is the universal gas constant; DT= T m 0 -T is the degree of supercooling, f = 2T /(T m 0 ? T) is a correction factor accounting for the reduction in the latent heat of fusion as the temperature is decreased, and T m 0 is the equilibrium melting temperature which is 165°C for PBST and PBSTnHAp, 173°C for PBAdT and PBAdT-nHAp and 169°C for PBSeT and PBSeT-nHAp. The nonlinear regression method was used to obtain the parameters (1/t 1/2 ) 0 and K g in Eq. (8) . In this way, k(T) given by Eq. (8) is introduced into Eq. (7) and the differential form of Nakamura's model was fitted to the experimental da/dt versus temperature data.
Kinetic features at low supercoolings are basically governed by the nucleation term, and consequently the crystallization rates are relatively insensitive to the U* and T ! parameters. Therefore, typical values of 6276 J mol -1 and T ! = T g -30 K were assumed in calculations [61] . A T ! of -57 and -37°C was employed for all calculations assuming a T g of -27 and -7°C for the three copolymers with the same aromatic content and the corresponding nanocomposites [36] . Table 5 summarizes the calculated Hoffman and Lauritzen parameters along with the correlation coefficient when an Avrami exponent equal to a typical value of 3 was assumed. The calculated data indicated that PBAdT-nHAp and PBSeT-nHAp presented higher K g values compared to pure PBAdT and PBSeT. Therefore, these nanocomposites had higher barriers for the secondary nucleation in agreement with the previously suggested retarding effect and the observed crystallization rates. On the contrary, for pure PBST the energy barrier for the crystal growth was higher than that determined for the nanocomposite. Crystallization occurred over a limited temperature range, making this impossible to distinguish between the crystallization regimes or explain the differences in the nucleation constant based on a crystallization regime change.
Determination of activation energy from isoconversional methods
Local activation energy, DE a , which represents the activation energy for a crystallized volume fraction of a, was also calculated by using the isoconversional method to describe the kinetic process. Specifically, the differential isoconversional method of Friedman [62] , the integral Kissinger-Akahira-Sunose (KAS) [63] or the advanced integral isoconversional method of Vyazovkin [64] have been considered since nowadays appear as the most appropriate approaches for the analysis of non-isothermal melt crystallization events.
The Friedman expression is given by Eq. 9: where C is a constant. According to this method, the a(t) function is obtained from the integration of the experimentally measured crystallization rates, and subsequent differentiating with respect to time to obtain the instantaneous crystallization rate, da/ dt. The values of da/dt at a specific degree of crystallinity (a) are correlated to the corresponding crystallization temperature at this a value (i.e., T a ). According to Friedman, different effective activation energies are calculated for every degree of crystallinity using the above equation from the slope of the regression line being equal to DE a /R. A straight line must be obtained by plotting the left-hand side of Eq. (9) with respect to 1/T a , with the slope being equal to DE a /R. Figure 6 shows that the calculated values of DE a had a small variation over almost the entire range of a, except for the values close to the lower and higher extremes. All three nanocomposite samples showed practically constant energies whereas the neat PBAdT and PBSeT samples clearly exhibited energy decreases at high degrees of crystallinity, which mean a faster crystallization process. At a given relative crystallinity, the DE a values of PBAdT-nHAp and PBSeT-nHAp samples were higher (i.e., less negative) than those observed for pure copolyesters, a finding that was consistent with those deduced from our previous crystallization kinetic analyses. Similarly, the values deduced for PBST-nHAp were slightly lower than that calculated for the corresponding neat copolymer. The simplified Kissinger-Akahira-Sunose (KAS) method has been also proposed to evaluate DE a . In this approximation the kinetic equation can be written as [63] :
In Fig. 6 , the deduced values of DE a for PBS and PBSTnHAp as representative samples, have been compared. It is worth noting that the results were highly comparable to those obtained from the Friedman analysis and that, again the energy was slightly lower for the nanocomposite in agreement with its faster crystallization.
According to Vyazovkin et al. [65] the most attractive feature of applying isoconversional methods to DSC data is that the resulting DE a dependencies can be utilized for estimating the parameters of the Lauritzen-Hoffman theory. The extensive experimental measurements carried out by Toda et al. [66] demonstrate that the logarithmic derivative of the microscopic growth rate, G, is equivalent to the logarithmic derivative of the heat flow, U, according to the following expression:
Vyazovkin and Sbirrazzuoli have used Eq. 11 in association with the well-known Lauritzen-Hoffman equation [60] :
to derive the temperature dependency of the effective activation energy of the growth rate.
U*, T ! and K g have been described in previous sections. Logically, typical values of 6276 J/mol and T g -30 K can be assumed as previously mentioned. The effective activation energies at a given conversion can be correlated with temperature as required by Eq. (13) to get the estimated secondary nucleation constant for different samples. Figure 7 shows the corresponding plots of the activation energy versus temperature for the three copolyesters and their nanocomposites. It is clear that the observed dependency cannot be fitted using a single value of K g since Eq. (13) should render a decreasing activation energy with temperature increase (see Fig. 8 for the representative PBST sample). Therefore, the crystallization process should be described by different crystallization regimens as previously suggested for PBT where regimens III and II have been described [67] . This is the main point that could be concluded from the isoconversional analyses and specifically, the nucleation constant values could be estimated as summarized in Table 6 . It is notable that experimental data were obtained over a very limited temperature range and consequently, severe approximations were applied for the rough simulation process (e.g., the ratio between nucleation constants of regimes III and II was always kept close to 2). Table 6 summarizes the estimated nucleation constants for the different studied samples. Based on the results, the nucleation constants for the nanocomposite of the succinate derivative were lower than that determined for the neat copolyester, while an opposite behavior was observed for both adipate and sebacate derivatives. Furthermore, simulation could be performed using a value of the secondary nucleation (regimen II) close to those determined via the Nakamura methodology.
Conclusions
In the present study, crystallization under non-isothermal conditions was investigated for different copolymers derived from 1,4-butanediol and mixtures of aromatic and aliphatic dicarboxylic acids. Based on a typical Avrami analysis, PBSeT and PBST showed the greatest and the lowest overall crystallization rates, respectively. All copolyesters showed a change in the crystallization rate after nHAp incorporation, due to its nucleating or retarding effect for the succinic derivative and the other two derivatives, respectively. Both modified Avrami method and the combination of the Avrami and Ozawa equations proposed by Mo provided a satisfactory description of the experimental data. The values of t 1/2 and k showed that for both neat copolyesters and nanocomposites the crystallization rate increased with increasing U.
The isoconversional approach allowed estimating the temperature dependency of the effective activation energy for the non-isothermal hot-crystallization. This approximation was useful to determine the existence of two crystallization regimes. In any case, nHAp particles displayed a retarding effect for aliphatic/aromatic copolyesters with more apolar aliphatic comonomers, a behavior that reflects a greater difficulty of molecular segments to be incorporated into the crystal surfaces of the predominant PBT phase. This point is evidenced by a significant increase in the secondary nucleation constant. 
